The Soil and Water Assessment Tool (SWAT) model has been successfully used to predict alterations in streamflow, evapotranspiration and soil water; however, it is not clear how effective or accurate SWAT is at predicting crop growth. Previous research suggests that while the hydrologic balance in each watershed is accurately simulated with SWAT, the SWAT model over or under predicts crop yield relative to fertilizer inputs. The SWAT model now has three alternative N simulation options: 1) SWAT model with an added flush of N (SWAT-flush); 2) N routines derived from the CENTURY model (SWAT-C); and 3) a one-pool C and N model (SWAT-One). The objective of this study was to evaluate the performance of SWAT-flush, SWAT-C, and SWAT-One as they affect wheat yield prediction. Simulated yields were compared to wheat yields in a 28-year fertilizer/wheat yield study in Lahoma, OK. Simulated yields were correlated with actual 28-year mean yield; however, none of the available N cycling models predicted yearly yields. SWAT-C simulated average yields were closer than other N sub-models to average actual yield. Annually there was a stronger correlation between SWAT-flush and actual yields than the other submodels. However, none of the N-cycling routines were able to accurately predict annual variability in yield at any fertilizer rate. We found that SWAT-C or SWAT-flush are the most viable choices for accurately simulating long-term average wheat yields although annual variations in yield prediction should be taken into consideration. Further research is needed to determine the effectiveness of SWAT-C and SWAT-flush in determining average and annual yield in various farming regions and with numerous agronomic crops.
Introduction
The Soil and Water Assessment Tool (SWAT) model has been successfully used to predict streamflow, evapotranspiration and soil water. The crop growth model in SWAT was adapted from the EPIC model [1] and is similar in concept to the crop growth models in Agricultural Policy/Environmental Extender Model (APEX, [2] ), ALMANAC, and WEPP, which have undergone significant crop yield validation. SWAT crop yields have been validated for several grain crops [2] .
Preliminary data suggest that while the hydrologic balance in each watershed may be accurately simulated with SWAT, the SWAT model tends to over or under predict wheat yield responses to N-fertilizer application. For example, Haney [3] found that simulated wheat yield increased strongly with N-fertilizer additions (r 2 = 0.80) and that yields at higher N fertilizer rates were overestimated and at lower N fertilizer rates were underestimated. In addition, when N fertilizer was not applied during simulation, SWAT predicted yields were close to 0 Mg/ha. These results indicate that SWAT may not be properly accounting for soil N cycling processes. Yield underestimates at low fertilization rates could occur if modelled N-mineralization rates are underestimated, causing underprediction of plant N availability and over-estimates of N limitation. Underestimates of plant N availability can compound yield errors by suppressing yield responses to simulated soil water variation. Furthermore, SWAT neglects the contribution of the soil microbial population to the plant-available N pool, resulting in an underestimation of yield and possible over or underestimation of N runoff from natural and agricultural landscapes. The SWAT model now has three different N simulation options, SWAT-flush [3] , N routines derived from the CENTURY model [4] , and a one-pool C and N model option [5] . SWAT-flush cycles N through three organic N pools (fresh residue, stable and active organic) and two inorganic N ( with an added flush of N after significant rainfall events (greater than 26 mm). The variation of the CENTURY model is more complex than SWAT-flush, simulating microbial, slow and passive soil organic N, surface microbial N, above and below ground structural and metabolic N, and mineral N [4] . On the other hand, the one-pool C model merges C, N, and P soil organic matter (SOM) pools within each soil layer, as well as separate residue and manure pools in the topsoil and subsoil. In this study, wheat yield values from a long-term wheat yield data from fertilizer study research plot in north-central OK, were compared to simulated wheat yield values from SWAT-flush, SWAT-C, and SWAT-One. The objective of this study is to assess the ability of various N cycling sub-routines within SWAT to predict yield at a long-term fertilizer study in Oklahoma.
Materials and Methods
SWAT-flush utilizes three organic N pools (fresh, stable and active organic) and two inorganic N pools ( [6] . Mineralization, decay, and immobilization equations are first order kinetics, which are based on the substrate amount, determined by a model "warm up" period of several years prior to the years of interest.
The sizes of the organic N pools are assigned assuming that the C:N ratio for humic materials is 14:1. The concentration of humic organic nitrogen is determined based on the soil organic C (SOC) values from soil data contained in SWAT input files. The soil data must be entered by the user and can either be obtained from soil sampling or publicly available data sets such as the Soil Survey Geographic Data Base (SSURGO). SWAT-flush then assigns 20% of the organic N to the active pool and 80% of the organic N to the stable pool [7] . The initial residue (fresh) pool is assigned to the top 10 mm of the soil profile and is set to 15% of the initial amount of residue on the soil surface, and does not include root biomass. After initialization, the fresh pool is determined based on simulated management practices. The simulated N resulting from decomposition and mineralization of the fresh pool is partitioned as 20% to the active organic and 80% to the 3 NO − pool. Decomposition and mineralization in SWAT-flush depend on the residue decomposition rate, the C:N and C:P ratios of the residue in the soil layer, and soil temperature and water content. N cycling processes are calculated for each soil layer within the profile. [7] . The nitrification process in SWAT-flush depends solely on the soil water and temperature. While temperature and soil moisture are critical forcing factors on the nitrification process, SWAT-flush does not specifically account for soil microbial activity, soil pH, or the water-extractable soil C or N content, which form the C and N source for the microbial population. Volatilization simulation in SWAT-flush depends on soil temperature and depth and includes a default cation exchange factor. Volatilization is also strongly affected by soil pH, wind conditions, and soil clay content and type [8] .
SWAT-flush incorporates an addition of ( ) 3 2 Flush of NO WSON 1
The flush of N is added to the top 10 mm of soil to simulate rapid changes in soil moisture, temperature and N cycling at the soil surface. After a significant rainfall event (greater than 26 mm) occurs on sufficiently dry soil (based on soil matric potential), a flush of N is added to the N mineralization fluxes occur [9] . SWAT-C was tested by Zhang et al. [4] by comparing simulated results to corn and soybean crop yields on lands across the U.S. Midwest. They found that SWAT-C performed well in its simulations of annual crop yield for sites where detailed management data was known. On the site where management data was not available or sparse, model performance was reduced. In general, Zhang et al. [4] found that long-term average crop production (corn and soybean) was predicted well using SWAT-C.
The third N cycling option is SWAT-One, a one-pool C, N, and P model [5] .
SWAT-One simulates decomposition of a lumped C, N, and P soil organic mat- , and the manure maximum humification rate is 1.6 times higher. N mineralized is transferred to the soil Grant silt loam (fine-silty, mixed, thermic Udic Argiustoll). The soil has an average pH of 5.7 in the top 30 cm [11] . Soil depth, texture, slope, albedo and SOC content were obtained from SSURGO [12] . Mean average temperature at the research site is 15.6˚C with an average annual rainfall of approximately 800 mm [11] . Nitrogen was applied as Urea (46-0-0) at pre-plant rates of 0, 22. (0-46-0) at the rates of 9.9, 19.7, 29.6, 39.5 kg P/ha annually. Fertilizer application occurred between early August and early October and planting followed between late September to late October. The wheat seeding rate varied between 0.07 and 0.08 Mg/ha. Grain was harvested from early June to early July, depending upon weather conditions.
Yield simulations were performed by constructing a set of SWAT input files using local weather and soils data in the Texas Best Management Practice Evaluation Tool (TBET, [13] Simulations were performed with uncalibrated SWAT models. Previous research has indicated that the SWAT model can successfully predict crop yield without calibration [14] . In addition, we were interested in seeing the raw results from an uncalibrated model for comparison to actual field data. Yield data ob- rooting depth and canopy height, the fraction of N in the harvested portion of the biomass, and potential heat unit information at various stages of growth [16] . The optimal N that should be in plant biomass on a given day is calculated by first determining the fraction of N in the plant as a function of growth stage under optimal growing conditions. Specifically, the fraction of N in a plant on a given day is determined based on the fraction of heat units accumulated on that day and the fraction of N at emergence, maturity, and midseason which were determined experimentally for winter wheat by The University of Saskatchewan [16] . Optimal biomass N for the day is the product of the fraction of N in the plant on a given day and the biomass on the same day:
where bio N,opt is the optimal mass of nitrogen stored in plant material for the current growth stage (kg N/ha), fr N is the optimal fraction of nitrogen in the plant biomass for the current growth stage, and bio is the total plant biomass on a given day (kg·ha −1 ). Potential N uptake is subsequently determined using the following equation: 
where N up is the potential nitrogen uptake (kg N/ha), bio N,opt is the optimal mass of nitrogen stored in plant material for the current growth stage (kg N/ha), bio N is the actual mass of nitrogen stored in plant material (kg N/ha), fr N,3 is the normal fraction of nitrogen in the plant biomass at maturity, and ∆bio is the potential increase in total plant biomass on a given day [7] . Daily control of N uptake depends upon biomass growth each day and the amount of available N in the soil. The amount of available N is determined by initial N in the soil, fertilizer applications, leaching and surface N runoff.
The Nash-Sutcliffe efficiency (NSE) was calculated for simulated versus actual 
where t f is the simulated yield value at time t, y t is the actual yield at time t, and y is the mean of the observed data values for the entire evaluation time period. NSE values range from −∞ to 1 and the larger the NSE values, the better the model performance [14] . Percent bias (PBIAS) was used to statistically measure the average propensity of simulated data to be larger or smaller than 
where f t is the simulated yield value at time t, and y t is the actual yield at time t.
Smaller PBIAS values are desired. Negative PBIAS values indicate model under-estimation, while positive values indicate model over-estimation bias [17] .
PBIAS values less than 15% are considered acceptable.
Results and Discussion
Actual and simulated yields averaged over 28 years were positively correlated with N fertilizer additions (r 2 > 0.96) except SWAT-One (r 2 = 0.33, Figure 4 ).
When no fertilizer was applied, actual wheat yields averaged 1.71 Mg/ha.
SWAT-C average simulated yield was 1.97 Mg/ha at 0 kg N/ha applied and was closest among the submodels to simulating actual yield at this fertilizer rate (PBIAS, 13%). SWAT-C most closely simulated the effect of fertilizer on average actual wheat yield over a 28-year period according to regression and PBIAS analysis (PBIAS, 2%; Table 1 Srinivasan et al. [14] found that PBIAS values of simulated yield varied from region to region depending upon the soil data used by SWAT to simulate soil processes. The data in this study; however, indicate that the PBIAS of simulated yield can also vary drastically depending upon the way that N cycling is treated in the model. The yield underestimates from SWAT-flush at lower levels of N fertilization suggest that his submodel underestimates plant N availability (or over-estimates N losses) and would lead to overestimates of the N-fertilizer inputs needed to achieve a given yield.
Yield under-or over-estimates result in erroneous estimates of percent Nitro- weather and plant growth [18] . Factors affecting low NUE in the field include losses of N from volatilization, which can be as great as 50% when urea or urea-containing products are applied [19] . In addition, N runoff losses range between 1% and 13% [20] . Certainly, biomass growth, pest, weed, temperature, and moisture stress also affects NUE in the field.
Deviations between simulated and actual yields and NUE values can be partly explained by variations in the way each model handled specific nitrogen pools and transformations ( Figure 5 ). Volatilization varied among the sub-models.
On average 81% of fertilizer applied was lost to volatilization with SWAT-One There was a significant correlation between SWAT-flush (r 2 = 0.34, p < 0.001)
and SWAT-C (r 2 = 0.20, p < 0.001) predicted and actual annual yields ( Figure   6 ). Although the trend is significant, the variability around the regression line indicates that neither model is precise in its predication of annual wheat yield.
SWAT-One annual predicted yields were not correlated with actual annual yield.
These data suggest that the N cycling models may be ineffective at simulating mineralization, decomposition or the conversion of urea.
As it is in nature, plant growth is moderated in the SWAT model due to water, nutrient, and temperature stress. SWAT calculates the amount of stress for water, temperature, N and P stress on a daily basis and reduces plant growth as a percentage of optimal growth when the plant is not dormant. Potential biomass production for each day is calculated as the potential increase in total plant biomass on a given day multiplied by the plant growth factor [7] :
reg wstrs trtrs nstrs pstrs γ = − (6) where γ reg is the plant growth factor (0.0 -1.0), wstrs is the water stress for a given day, tstrs is the temperature stress for a given day expressed as a fraction of optimal plant growth, nstrs is the nitrogen stress for a given day, and pstrs is the phosphorus stress for a given day. Potential leaf area added on a given day is also adjusted daily for plant stress in the same manner.
All three N cycling options utilize the one maximum stressor for each day. For example, if temperature stress is at 30% and water stress is at 20% for the day, the 30% temperature stress is used to regulate plant growth on that day. Annually, the wheat plants in all simulations were under some kind of stress (below optimal conditions for plant growth) between 126 and 177 days per year (Table   2 ). Phosphorus stress (not shown) was negligible and therefore not reported.
Overall, SWAT-One had the least amount of stress days (especially N), which corresponds to its consistent over-prediction of yield. SWAT-flush had the highest N stress days, most likely due to under-prediction of N mineralization at low N fertilization rates. Temperature stress was the same throughout the three N submodels. It appears that water stress was low for all N subroutines and was overshadowed by temperature or N stress on most days. These results indicate that, except under extreme wet or dry conditions, temperature and N have a stronger influence over simulated yield on a yearly basis than soil moisture. Simulated yields did not differ significantly regardless of yearly precipitation, which indicates that rainfall is not the significant controlling factor in predicted yield. In fact, research has shown that annual precipitation, spring precipitation, and growing season precipitation were not directly correlated to predicted or actual crop behavior (unpublished data). Lobell et al. [22] found that in the field soil variability is greater than variability in weather when water availability is not a limiting factor. Based on the results shown in Table 2 , it appears that the SWAT model may be overly sensitive to temperature stress, thereby reducing the importance of both N and water stress.
Conclusions
We found that although multi-year average simulated crop yields were well correlated with actual average yields, SWAT-flush underestimates yield at low N fertilizer levels then over-estimates at higher N fertilization. SWAT-flush most accurately represented field NUE values. On average, SWAT-One was unsuc- Annually, SWAT-flush and SWAT-C yields were correlated with actual yield, but showed a high degree of variability indicating that these submodels may not be reliable for predicting annual yield. Overall, this research indicates that SWAT-C or SWAT-flush provides the most accurate prediction of average wheat yield and can be used for wheat cropland yield assessment. However, none of the N-cycling routines included in the SWAT model predict annual variations in wheat yield with great certainty. Further research is needed to determine the effectiveness of SWAT-C and SWAT-flush in determining average and annual yield in various farming regions and with numerous agronomic crops.
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